Angiotensin II (AngII) stimulates vascular smooth muscle cell (VSMC) proliferation; however, the effect of AngII on cell proliferation in the presence of mechanical force is not clear. We investigated the mechanism of AngII-induced cell proliferation mediated by mechanical stretch in VSMCs of both normotensive and hypertensive rats. VSMCs obtained from the thoracic aortas of 8-week-old Wistar-Kyoto (WKY) rats and spontaneously hypertensive rats (SHR) were stretched by a Flex culture system. Mechanical stretch significantly upregulated protein expression of AngII type 1 (AT 1 ) receptor, epidermal growth factor (EGF) receptor and mitogen-activated protein kinase phosphatase-1 in both SHR and WKY VSMCs; however, there was no significant difference in these changes between the cells from SHR and WKY. Mechanical stretch attenuated AngII-induced phosphorylation of extracellular signal-regulated kinase (ERK) 1/2, ERK kinase (MEK) and EGF receptor; it also attenuated [ 3 H] thymidine incorporation and cell proliferation in VSMC of WKY. In contrast, the effects of AngII were augmented by mechanical stretch in VSMC of SHR. AngII-induced ERK 1/2 phosphorylation and cell proliferation in SHR were inhibited by pretreatment with an AT 1 receptor blocker, candesartan and an inhibitor of MEK, PD98059. Moreover, pretreatment with an EGF receptor tyrosine kinase inhibitor, AG1478, also blocked upregulation of AngII-induced ERK 1/2 phosphorylation induced by stretch in SHR VSMCs. This study demonstrates that mechanical stretch augments SHR VSMC proliferation through an AT 1 /EGF receptor/ERK-dependent pathway. These findings may provide new insights into the signaling mechanisms whereby AngII exerts its growth-promoting effects on vasculature in a hypertensive state.
INTRODUCTION
Angiotensin II (AngII) has an important role in the pathogenesis of a variety of cardiovascular diseases. Treatment with AngII type 1 (AT 1 ) receptor blockers elicits therapeutic benefits in the treatment of hypertension and cardiovascular disorders. 1, 2 In spontaneously hypertensive rats (SHR), vascular reactivity to AngII has been found to be increased, although responses to endothelin-1, vasopressin and norepinephrine are decreased or unchanged. 3, 4 The AngII-augmented vascular response is not specific to SHR, in either the prehypertensive or the established hypertensive phases, and it has been demonstrated in other models of hypertension, including stroke-prone SHR, renal hypertensive rats, deoxycorticosterone acetate/salt-hypertensive rats and AngII-infused hypertensive rats. [5] [6] [7] [8] These findings suggest that the vascular response to AngII is activated in a hypertensive state.
AngII acts not only as a vasoconstrictive peptide but also as a vascular growth factor. 9, 10 In particular, AngII stimulates vascular smooth muscle cell (VSMC) proliferation, which is an important process in vascular remodeling in hypertension. 11 In this regard, many studies have emphasized the roles of Ras/Raf-1/mitogen-activated protein kinase cascades, especially that of extracellular signal-regulated protein kinase (ERK) 1/2, in mediating VSMC proliferation induced by AngII. 12 ERK1/2 phosphorylation is increased in the vasculature of various animal models of hypertension and in cultured VSMCs from SHR. 13, 14 Furthermore, enhanced AngII-induced contraction and growth is associated with increased ERK1/2 activation. 15 VSMCs are major cellular components of blood vessels and they are subjected to a dynamic mechanical environment modulated by pulsatile pressure. The accompanying stress regulates normal vascular tone; 16 it also contributes to atherogenesis, 17 vascular remodeling associated with hypertension 18 and acute rupture of atherosclerotic lesions. 19 Despite the fact that VSMCs reside in a dynamic state and are constantly subjected to pulsatile pressures in vivo, the changes of VSMC signaling pathways and phenotypes have not been well investigated under conditions of mechanical force. We previously demonstrated that AngII and mechanical stretch synergistically increase oxidative stress in VSMCs by upregulation of the AT 1 receptor. 20 However, the effect of AngII on VSMC proliferation in the presence of mechanical stretch is still unclear.
In this study, we hypothesized that mechanical stretch at the vessel wall affects AngII-induced VSMC proliferation differentially in normotensive and hypertensive animals. To test this hypothesis, we investigated the cellular and molecular mechanisms underlying the cell proliferation induced by the contribution of mechanical stretch and AngII using VSMCs from normotensive Wistar-Kyoto (WKY) rats and SHR.
METHODS

Cell culture and mechanical stretch
VSMCs were isolated from the thoracic aortas of 8-week-old male SHR and WKY rats by enzymatic digestion as previously described. 20 Blood pressure was not significantly different between SHR and WKY rats at this age (data not shown). Cells were grown in Dulbecco's modified Eagle's medium (Sigma-Aldrich, St Louis, MO, USA) supplemented with 10% fetal bovine serum (FBS; HyClone, Logan, UT, USA), penicillin (100 U/ml; Invitrogen, Carlsbad, CA, USA) and streptomycin (100 mg/ml, Invitrogen) at 37 1C under 5% CO 2 /95% air in a humidified incubator. Only VSMCs from the third to sixth passages were used. The cells were then cultured in six-well collagen I-coated BioFlex plates containing a flexible silicone elastomer substratum (Flexcell International, Hillsborough, NC, USA). Cells that achieved 70% confluence were subjected to cyclic stretch (60 cycles per min, 5 or 15% elongation) for 2 h using a computer-controlled mechanical strain unit (Flexcell International). After a cyclic stretch, the growth medium was replaced with medium containing 0.1% fetal bovine serum for 24 h. In some experiments, VSMCs were preincubated with various inhibitors, as indicated, before stimulation with AngII.
Western blot analysis
After stimulation with AngII, the proteins were extracted as previously described. 21 The protein content of the supernatant was determined with the Bradford assay, using bovine serum albumin as the standard. The proteins were subjected to SDS-PAGE and detected by an immunoblot assay with the following antibodies: anti-phospho-ERK1/2, anti-ERK1/2, anti-phospho-epidermal growth factor (EGF)-receptor (Tyr-992), anti-EGF-receptor, antiphospho-ERK kinase (MEK), anti-MEK (Cell Signaling Technology, Danvers, MA, USA), anti-AT 1 receptor (Millipore, Billerica, MA, USA) and antimitogen-activated protein kinase phosphatase-1 (MKP)-1 (Santa Cruz Biotechnology, Santa Cruz, CA, USA). To confirm equal loading, membranes were reprobed with an antibody against b-actin (Sigma-Aldrich). The protein bands were visualized using an ECL plus system (GE Healthcare, Buckinghamshire, UK). Band intensities were quantified by densitometry of the immunoblots using NIH ImageJ software.
[ 3 H] Thymidine incorporation and cell counts DNA synthesis was determined by measuring [ 3 H] thymidine incorporation as previously described. 21 In brief, quiescent VSMCs cultured in six-well plates were treated with AngII (100 nmol l À1 ) containing 1 mCi ml À1 [ 3 H] thymidine for 24 h. The radioactivity of the cell lysates was determined using a liquid scintillation counter.
Cells were counted with a Coulter Counter Multisizer 3 (Beckman-Coulter, Miami, FL, USA). The cells were washed in phosphate-buffered saline and lifted from the culture dish after 3 min of incubation with 0.5% trypsin and 0.53-mmol l À1 EDTA (Invitrogen). The trypsin was inactivated by the addition of an equal volume of medium, and cells were briefly centrifuged to form a pellet. Cells were resuspended and counted using a Coulter Counter.
AngII content in the medium of VSMCs
The culture medium (3 ml per dish) was collected from dishes before and after stretching the cells. We measured AngII concentration by radioimmunoassay using a specific antibody for AngII-monoiodinated 125 I-labeled AngII-and AngII standard as previously described. 22 In brief, each lyophilized antiserum was diluted sufficiently to yield a specific binding of 28-35% after incubation with a 2500 cpm label for 48 h at 4 1C. Bound and free AngII were separated with dextran-coated charcoal (10 mg of charcoal and 1 mg of dextran in 1 ml of assay buffer/tube). After centrifugation, the supernatants were decanted and counted for 5 min in an automated gamma counter.
Statistical analysis
Values are presented as means±s.e. Multiple group comparison was done by a one-way analysis of variance. The two-tailed Student's t-test was used to compare drug-treated and vehicle-treated specimens under identical conditions. Values of Po0.05 were considered statistically significant. Next, we investigated ERK 1/2 activation, which was determined by phosphorylation. AngII (100 nmol/l) enhanced ERK 1/2 phosphorylation, with a peak at 10 min, in both unstretched WKY and SHR VSMCs. Mechanical stretch (5 or 15% elongation, 2 h) significantly increased AngII-induced ERK 1/2 phosphorylation in SHR VSMCs (Figure 2a ; n¼6, Po0.01). However, mechanical stretch significantly attenuated AngII-induced ERK 1/2 phosphorylation in WKY VSMCs (Figure 2b ; n¼6, Po0.01).
RESULTS
Effect of mechanical stretch on
We measured AngII content in the culture medium of stretched VSMCs and there was no significant increase in AngII after stretching (Figure 2c) . Moreover, 0.01 nmol l À1 AngII (10 min) did not significantly increase ERK 1/2 phosphorylation in unstretched SHR and WKY VSMCs (data not shown).
Involvement of AT 1 receptor/ERK 1/2-dependent pathway in AngII-induced DNA synthesis in stretched VSMCs To investigate the role of the AT 1 receptor in mechanical stretchmediated regulation of AngII-induced WKY and SHR VSMC proliferation, we examined the effect of mechanical stretch on AT 1 receptor protein expression. Treatment with 5 or 15% elongative mechanical stretch increased AT 1 receptor protein expression in both WKY and SHR VSMCs (n¼6, Po0.01), although the increases between cells from WKYs and SHR were not significant (Figure 3a) . Moreover, an ARB, candesartan (100 nmol l À1 for 3 h) and a specific inhibitor of MEK, PD98059 (10 mmol l À1 for 30 min), abolished both AngIIinduced ERK 1/2 phosphorylation and [ 3 H] thymidine incorporation in stretched SHR VSMCs (Figures 3b and c) . Inhibitors alone did not affect phosphorylation or thymidine incorporation (data not shown). These results suggest that the upregulation of AngII-induced cell proliferation in stretched SHR VSMCs is mediated through AT 1 receptor-mediated ERK 1/2 phosphorylation.
Effect of mechanical stretch on VSMC MKP-1 expression and AngII-induced MEK phosphorylation We further investigated signal transduction pathways of mechanical stretch regulation on AngII-induced ERK 1/2 activation. First, we examined the effect of mechanical stretch on AngII-induced phosphorylation of MEK, which is an upstream activator of ERK 1/2 in WKY and SHR VSMCs. As shown in Figure 4a , mechanical stretch upregulated AngII-induced MEK phosphorylation in SHR VSMCs, but decreased phosphorylation in WKY VSMCs. These observations are in line with the changes in AngII-induced ERK 1/2 phosphorylation. In addition, we examined the effect of mechanical stretch on the expression of MKP-1, which is a dual-specific protein phosphatase and downregulates ERK 1/2 activation. 23 Treatment with mechanical stretch for 2 h upregulated MKP-1 protein expression in both WKY and SHR VSMCs (n¼6, Po0.01), but there was no significant difference in protein expression between cells from WKY and SHR (Figure 4b ). In contrast, mechanical stretch had no effect on protein expression levels of Ras or Raf-1, two upstream activators of ERK/MEK (data not shown). These results suggest that the upstream signaling of ERK/MEK contributes to the mechanical stretch-mediated regulation of AngII-induced VSMC proliferation.
Involvement of EGF receptor transactivation in mechanical stretch regulation of AngII-induced VSMC ERK 1/2 phosphorylation
To examine the upstream signaling of ERK/MEK regulated by AngII, we focused on the EGF receptor. It is generally accepted that Gq-coupled receptors activate ERK 1/2 in VSMCs through transactivation of the EGF receptor. [24] [25] [26] Therefore, we investigated the effect of mechanical stretch on AngII-induced EGF receptor phosphorylation. Mechanical stretch (5 or 15% elongation for 2 h) upregulated EGF receptor protein expression in both WKY and SHR VSMCs (n¼6, Po0.01; Figure 5a ). However, mechanical stretch increased AngIIinduced EGF receptor phosphorylation in SHR VSMCs, but decreased it in WKY VSMCs (n¼6, Po0.01). In addition, pretreatment with an EGF receptor tyrosine kinase inhibitor, AG1478 (25 nmol l À1 ), markedly inhibited AngII-induced ERK 1/2 phosphorylation in SHR VSMCs, with or without stretch (Figure 5b ). AG1478 alone did not affect ERK 1/2 phosphorylation (data not shown). These results suggest that EGF receptor transactivation is required for mechanical stretch-mediated regulation of AngII-induced proliferation of VSMCs.
DISCUSSION
VSMCs in the arterial wall are constantly exposed to a variety of flowrelated mechanical stimuli 27 that can induce significant changes in cell growth and alter cell phenotype. 20, 28, 29 In this study, we demonstrated several significant findings regarding the response of VSMCs to mechanical force ( Figure 6 ). First, mechanical stretch upregulates expression of AT 1 receptor, EGF receptor and MKP-1; however, these changes are not significantly different between WKY and SHR VSMCs. Second, mechanical stretch augments AngII-induced cell proliferation in SHR VSMCs, but suppresses proliferation in WKY VSMCs. Third, mechanical stretch upregulates AngII-induced VSMC proliferation in SHR through an AT 1 /EGF-receptor/ERK-dependent pathway. These findings provide novel information about different VSMC signal transduction pathways in both normotensive and hypertensive subjects. They also suggest a possible mechanism for the progression of atherosclerosis in a hypertensive state.
AngII is crucial in maintaining the structural and functional integrity of the vessel wall and has important roles in VSMC contraction and proliferation. Clinical evidence has revealed that treatment with AT 1 receptor blockers reduces morbidity and mortality in patients with hypertension, congestive cardiac failure and myocardial infarction. 30, 31 In this study, we found that mechanical stretch augments AngII-induced VSMC proliferation in SHR. It has been reported that AngII stimulation augments DNA synthesis without affecting cell division in VSMCs. 32, 33 Because this effect is enhanced in VSMCs from SHR, we confirmed AngII-induced VSMC proliferation by measuring DNA synthesis and performing cell counts. In addition, the augmentative effect of mechanical stretch is blocked by treatment with candesartan and PD98059, suggesting that the AT 1 receptor and ERK 1/2-dependent pathways essentially contribute to AngII-induced VSMC proliferation induced by mechanical stretch. Moreover, as shown in Figures 1, 2a and b, mechanical stretch augments both cell proliferation and ERK 1/2 phosphorylation in an elongation-dependent manner. This suggests that ARB lowers blood pressure by attenuating mechanical force and that it could have a protective role in vascular proliferation.
In agreement with previous studies, 20 we found that mechanical stretch upregulated AT 1 receptor expression to similar levels in both SHR and WKY VSMCs. Schiffrin et al. 34 reported that vascular tissue AT 1 receptor density and affinity are not significantly different between adult SHR and WKY rats, suggesting that upregulation of AngII-mediated vascular proliferation in SHR occurs primarily at the post-receptor level, during signal transduction. Gq-coupled receptors, including the AT 1 receptor, activate ERK 1/2 in VSMCs through transactivation of the EGF receptor. 25, 35 Kagiyama et al. 36 demonstrated that the EGF receptor-activated ERK pathway has a critical role in the development of hypertension and left ventricular hypertrophy, but not in established left ventricular hypertrophy in adult SHR (13-20 weeks old). The authors also showed that blockade of the EGF receptor significantly attenuated left ventricular hypertrophy in young SHR (5-12 weeks old). In this study, we found that mechanical stretch upregulated EGF receptor protein expression in VSMCs from both WKY and SHR rats. Interestingly, AngII-induced EGF receptor phosphorylation was augmented in SHR VSMCs but was rather diminished in WKY VSMCs. Moreover, the changes in downstream signaling of EGF receptor transactivation and [ 3 H] thymidine incorporation were associated with the changes in AngII-induced EGF receptor transactivation. These data suggest that EGF receptor transactivation is a key factor responsible for AngII-induced VSMC proliferation mediated by mechanical stretch. Previous reports indicated that several candidates are involved in EGF receptor transactivation, such as Src activation or reactive oxygen species. 24, 25 Therefore, it is possible that different responses to mechanical stretch by these candidates regulate EGF receptor transactivation and cell proliferation in AngII-treated VSMCs.
In conclusion, this study shows that mechanical stretch directly regulates AngII-induced VSMC proliferation and that the AT 1 /EGF receptor/ERK-dependent signaling pathway is involved in proliferation in VSMCs of SHR. This investigation provides new insights into the potential mechanisms responsible for the development of hypertension, atherosclerosis and the progression of proliferative cardiovascular diseases. The present results also suggest that AngII has a pivotal role in the development of hypertension and the progression of atherosclerosis under the conditions in which VSMCs are mechanically stretched. These data support the clinical evidence demonstrating the therapeutic importance for sufficiently lowering blood pressure with AT 1 receptor blockers in hypertensive patients. 
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